Objective. Citrullinated proteins have been found within atherosclerotic plaque. However, studies evaluating the association between anti-citrullinated protein antibodies (ACPAs) and imaging measures of atherosclerosis in patients with rheumatoid arthritis (RA) have been limited to seroreactive citrullinated fibrinogen or citrullinated vimentin and have rendered contradictory results. Therefore, our objective was to evaluate this association using an extended panel of ACPAs in a larger sample of RA patients without clinical cardiovascular disease (CVD). Methods. ACPAs were identified using a custom Bio-Plex bead assay in 270 patients from 2 independent RA cohorts without clinical CVD, with the first one consisting of 195 patients and the other of 75 patients. Coronary artery calcium (CAC) was assessed by computed tomography as a measure of coronary artery disease. Results. High levels of anti-citrullinated histone H2B antibodies were strongly associated with higher CAC scores, compared with lower antibody levels (P 5 0.001); this remained significant after adjustment for traditional CV and RA-specific risk factors (P 5 0.03). No association between levels of ACPAs and CAC progression at 3 years was seen (P 5 0.09); however, the number of progressors was small (n 5 92). Conclusion. Higher levels of ACPAs targeting Cit-histone H2B were associated with higher CAC scores when compared to lower antibody levels, suggesting a potential role for histone citrullination seroreactivity in atherosclerosis.
Introduction
Cardiovascular disease (CVD), including coronary heart disease (CHD), is the leading cause of death in rheumatoid arthritis (RA) (1) . RA poses an increased risk for accelerated atherosclerosis that is only partially explained by traditional CV risk factors (2) . Inflammatory and immunemediated pathway interactions play an essential role in atherosclerotic plaque development and rupture (3) . The recent demonstration of citrullinated proteins within atherosclerotic plaque (4) and the relative specificity of anticitrullinated protein antibodies (ACPAs) for RA suggest that ACPAs play a role in the acceleration of atherosclerosis in RA. However, investigations to date in this regard have been limited to anti-citrullinated fibrinogen and anti-citrullinated vimentin antibodies and have yielded contradictory results (4) (5) (6) . We investigated the association of seroreactivities with a broader panel of autoantigens with coronary artery calcium (CAC), as a surrogate measure of atherosclerosis, in a larger sample consisting of 2 independent RA cohorts without clinical CVD.
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Materials and methods
Patients. The study included 195 patients from the Evaluation of Subclinical Cardiovascular Disease and Predictors of Events in Rheumatoid Arthritis (ESCAPE RA) study who underwent cardiac computed tomography (CT) for CAC score measurement and concurrent serum testing for ACPAs. In brief, ESCAPE RA participants were 45-84 years old, met 1987 American College of Rheumatology RA criteria (7), and had RA for $6 months and had no clinical CVD (defined as coronary artery disease, myocardial infarction, heart failure, or stroke) (8) . A second independent cohort consisted of the first 75 participants in the Rheumatoid Arthritis Study of the Myocardium (RHYTHM), an ongoing study to identify factors associated with myocardial phenotypes in RA patients without CVD. Participants had similar inclusion criteria as those in ESCAPE RA (except for an age requirement of $18 years) and underwent similar CAC score measurement and concurrent testing for an expanded ACPA panel. Outcome assessment: CAC. All participants underwent cardiac CT scanning as previously described (8, 9) . CAC, quantified by the Agatston method (10), was used as the primary outcome, given its noninvasiveness, high reproducibility, high sensitivity and specificity in measuring atherosclerosis, and its ability to predict CV events (11) .
Measurement of ACPAs. Serum samples were obtained on the same day as the cardiac CT scanning for both cohorts. Reactivity to citrullinated and noncitrullinated/ control (native) proteins/peptides were quantified using a custom Bio-Plex bead assay, as previously described (12, 13) . A high autoreactivity level was defined as greater than or equal to the 75th percentile. The ESCAPE RA patients underwent ACPA testing using a panel of 17 citrullinated antibodies and 3 native proteins/peptides (12) . For the RHYTHM patients, an expanded panel of 30 citrullinated and 5 native proteins/peptides was used (13), of which 16 citrullinated and 2 native proteins/ peptides overlapped with the panel used for the ESCAPE RA cohort.
Assessment of covariates. Clinical characteristics. Demographics and smoking history were self-reported and collected from standardized study questionnaires. Body mass index, blood pressure, hypertension, and diabetes mellitus were defined and measured as previously described (8, 9) .
RA-specific covariates. RA disease duration was calculated from the time of physician diagnosis. RA disease activity was calculated with the Disease Activity Score in 28 joints using the C-reactive protein (CRP) level (8, 9) . The use of glucocorticoids, biologic and nonbiologic disease-modifying antirheumatic drugs, aspirin, and cholesterol medications was ascertained by patient interview.
Laboratory covariates. Serum and plasma were separated by centrifugation and stored at 2708C. Highsensitivity CRP, interleukin-6 (IL-6), cholesterol levels, rheumatoid factor (RF), and IgM and anti-cyclic citrullinated peptide (anti-CCP) antibodies were assessed as previously described (8,9). RF and anti-CCP antibodies were defined as positive if $40 units and $60 units, respectively.
Statistical methods. Baseline characteristics were summarized and expressed as the mean 6 SD or median (interquartile range) for continuous variables. Numbers and percentages were calculated for categorical variables. CAC was analyzed as a linear variable: log-transformed CAC score 1 1. ACPA levels were dichotomized at the 75th percentile. The association between seroreactivity to a panel of citrullinated and native (noncitrullinated) proteins/ peptides with CAC was assessed using linear regression with adjustment for confounders and variables significantly associated with CAC. The association of CAC with ACPAs that were measured in only 1 of the cohorts was examined in a similar manner. An alpha value of 0.05 was defined as statistically significant. Statistical calculations were performed using SAS, version 9.4.
Results
Clinical characteristics. Patient characteristics are summarized in Table 1 . RHYTHM patients were more likely than the ESCAPE RA participants to be nonwhite and to have diabetes mellitus. In the ESCAPE RA cohort, current smoking, ever smoking, and having a CAC score .0 were more common than in the RHYTHM cohort.
Association between ACPAs and CAC. No statistically significant association between ACPAs and CAC score was identified in the ESCAPE RA cohort, although a trend was noted with high levels of anti-Cit-histone H2B (Table  2 ). In the RHYTHM cohort, high levels of seroreactivities targeting Cit-vimentin, Cit-histone H2A, and Cit-histone H2B were associated with CAC score in univariable
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analysis; however, statistical significance was lost in the adjusted analysis (Table 2 ). In the analysis of the combined cohorts, high levels of anti-Cit-histone H2B antibodies were significantly associated with higher CAC scores in unadjusted (P 5 0.001), and adjusted (P 5 0.03) analyses (Figure 1) . No association was seen between CAC and levels of the noncitrullinated control proteins in either cohort or in the pooled analysis ( Table 2) .
The association of ACPAs with CAC progression over 3 years was also investigated. Although no association was found (P 5 0.09), only the ESCAPE RA cohort had repeated CAC measurements, and, of those, the number of progressors was small (n 5 92). The total number of highlevel ACPAs present per patient was also not associated with either baseline CAC or CAC progression (data not shown).
Association of ACPAs and CAC per strata of patient characteristics. The association between CAC and high levels of ACPAs targeting Cit-Apo E 277-296 , Cit-biglycan [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] [263] [264] [265] [266] , and Cit-filaggrin 48-65 varied by sex (interaction term P value less than 0.05 for each). However, although these 3 ACPAs were associated with CAC in univariable analysis, statistical significance was lost in multivariable models (data not shown). In addition, there was an interaction between ever-smoking history and CAC, with higher CAC scores seen in ever smokers with higher ACPA levels, but significance was lost in adjusted analyses (data not shown). No difference in the association of high levels of ACPAs with CAC was noted by race, shared epitope status, and/or RF or anti-CCP positivity (data not shown).
Discussion
This study shows that in RA patients without clinical CVD, high levels of ACPAs targeting Cit-histone H2B proteins, but not ACPAs targeting other citrullinated and noncitrullinated antigens, were significantly associated with higher CAC scores when compared with lower levels of these antibodies.
RA patients have an increased risk of atherosclerosis and CHD that is only partially explained by traditional 1278 Geraldino-Pardilla et al cardiovascular risk factors (1-3). RA itself is an independent risk factor for this excess risk (2, 3) , and although autoimmunity has been proposed as the possible link, the exact pathogenesis remains poorly understood. Citrullination is a posttranslational protein modification that occurs as part of inflammation within the atherosclerotic plaque, as it does in the synovium (4) . Recent data suggest a role for ACPAs in atherosclerosis: anti-Cit-vimentin antibodies correlated with subclinical atherosclerosis in early RA (13); Cit-fibrinogen and co-localizing peptidylarginine deiminase type 4 enzyme were identified within the atherosclerotic plaque of autopsied non-RA patients, and ACPAs in RA subjects targeting Citfibrinogen and Cit-vimentin were associated with an increase in aortic plaque burden (4). However, a study by Montes et al found no association between 3 different measures of atherosclerosis, including CAC, and ACPAs targeting Cit-fibrinogen and its B 36-52 peptide (5). Our study examined a much broader array of autoantigens than the prior studies and in a larger combined cohort. We failed to find an association between anti-Citfibrinogen or anti-Cit-vimentin antibodies with CAC, but identified a strong association with ACPAs targeting Cithistone H2B. Several factors could account for these differences. Sokolove studied aortic calcification and exclusively in females with RA (4), while El-Barbary evaluated the association between anti-Cit-vimentin antibodies with carotid intima-media thickness, in contrast to our study, which utilized CAC, a direct measure of coronary artery disease (6). Montes also investigated CAC in addition to carotid artery measures but limited the ACPA investigations to anti-Cit-fibrinogen and its B 36-52 peptide (5), while our study addressed a much broader array of citrullinated autoantigens.
Histones, DNA-packaging nuclear proteins released during inflammation, are thought to be proatherogenic, at least in part by promoting the aggregation and uptake of low-density lipoproteins into foam cells (14) . Although this relates to noncitrullinated histones, it is tempting to speculate a role in the citrullinated forms of these proteins in atherosclerosis. In support of this, Cit-histones are considered to be a biomarker for netosis. Netosis is a neutrophil extracellular aggregate (trap) consisting of DNA segments wound in a mixture of nuclear and cytoplasmic proteins including histones, myeloperoxidase, and neutrophil elastase, known to have potent proinflammatory, cytotoxic, and prothrombotic effects that are independently associated with coronary atherosclerosis and ischemic cardiac events (15) . Moreover, immune complexes containing citrullinated histone H2B have the capacity to initiate inflammation, including inducing neutrophil activation (16) . Our data extend these findings by suggesting a potential role of anti-Cit-histone antibodies in the evolution of atherosclerosis in RA. Interestingly, no additive effect was seen in the number of high-level ACPAs and their association with CAC, supporting specificity in the association with anti-Cit-histone H2B antibodies. Although anti-Cit-histone reactivity was not associated with the progression of CAC, the number of progressors in the ESCAPE RA cohort was small.
The strengths of this study include its sample size, derived from 2 independent cohorts of RA patients without clinical CVD who were well phenotyped for CV risk. Furthermore, the expanded panel of ACPAs allowed for the testing of additional seroreactivities of potential interest in atherosclerosis. Study limitations include using an ACPA panel that consisted of candidate autoantigens identified through synovial analysis; thus, potential additional autoantigens more relevant in atherosclerosis were conceivably missed.
In conclusion, high levels of anti-Cit-histone H2B antibodies were associated with a higher burden of atherosclerosis, measured by CAC, in RA patients without CVD. Future studies to explain their role in the pathogenesis of atherosclerosis in RA are warranted.
